Abstract. As in a previous paper (Galád 2001), the search for effective perturbers among asteroids is done using the same method and during the same time period. The only difference is in the number of asteroids that were processed -24 599 instead of 9511. Special attention is paid to comparison between perturbations due to (2) Pallas and (10) Hygiea. It is confirmed that the latter has a larger effect on the motion of main belt asteroids, perhaps by a factor of three. This is a reason to include its mass in asteroid orbit determinations. In addition to the Big Four main belt asteroids -(1) Ceres, (2) Pallas, (4) Vesta, (10) Hygiea -the masses of many other large asteroids, such as (11) Parthenope, (13) Egeria, (15) Eunomia, (16) Psyche, (24) Themis, (29) Amphitrite, (39) Laetitia, (45) Eugenia, (52) Europa, (65) Cybele, (121) Hermione, (451) Patientia, and (511) Davida, could be achieved by the end of this decade using astrometric data. In general, over the next decade small asteroids (with much higher numbers than above) will be used more thoroughly for mass determination of large asteroids.
Introduction
The number of papers devoted to mass determinations of large asteroids is growing in recent years. There are several opportunities that enable such a determination -the discovery of satellites of asteroids (e.g. Merline et al. 1999; Merline et al. 2000; Merline et al. 2001; Brown & Margot 2001; Storrs et al. 2001) , measurements by space probes that visited asteroids (e.g. Thomas et al. 1999) . Also important are the growing number of astrometrical measurements and their increased precisions (see e.g. Carpino & Knežević 1996; Hilton et al. 1996; Viateau & Rapaport 2001; Michałak 2001 and references therein) .
It was realized that after a small asteroid had passed close enough to a large one, the perturbing effects of the latter (on the motion of the former) could be significant. Large asteroid mass should therefore not be neglected -it can be determined through the study of the motion of the affected small asteroid. The three largest main belt asteroids -(1) Ceres, (2) Pallas, and (4) Vesta -contain about half the mass of the belt. Thus, it is believed their masses are sufficient enough to be included (along with planetary masses) for high precision orbit computations of the other asteroids in the inner part of the Solar System. Their masses have been accurately determined by this astrometric method.
However, it would be beneficial to determine masses of the other large main belt asteroids similarly. Not only is this Send offprint requests to: A. Galád, e-mail: galad@fmph.uniba.sk useful for physically characterizing asteroids; it is helpful for precise long-term orbit determinations of several smaller objects that come close enough to large asteroids to be measurably affected. The discovery rate of smaller asteroids is rapidly growing, and these may greatly aid in future mass determinations, as their deviations from the ephemeris positions are evident several years (or even decades) before and after an encounter with larger objects.
The aim of this paper is to renew the previous list by Galád (2001) (hereafter referred as Paper I) of close encounters suitable for asteroid mass determination by astrometric methods. It reflects the role of the increased number of known asteroids and the larger amount of astrometric data. Included are only the most important encounters. In Paper I, a database of the first 9511 numbered asteroids were used. Here, the first 24 599 numbered asteroids are discussed, excluding 29 Centaurs and transneptunian objects. Asteroid masses are not computed here.
Orbital elements
The initial osculating orbital elements for epoch April 1, 2001 (JD 2 452 100.5), were taken from Bowell et al. (1994) . Perturbations due to all planets, Moon, and the three largest main belt asteroids -(1) Ceres, (2) Pallas, (4) Vesta -were taken into account.
We derived orbital elements for several other epochs to the past and the future from the initial elements. However, perturbations due to asteroids were not included. Adjacent epochs differ by 200 days. (Planetary and lunar positions were computed using analytic Poisson series. The details of how the orbital elements were derived can be found at http://www.projectpluto.com/jpl − eph.htm.) Then, the positions of asteroids were computed using orbital elements for the nearest epoch as in a two-body problem. This procedure is convenient as a first approximation. Since actual asteroids positions may differ from their computed ones far from the initial epoch due to several asteroid -asteroid encounters, we used only the same (short) period as in Paper I -from November 6, 1967 (JD 2 439 800.5) to September 13, 2023 (JD 2 460 200.5).
In fact, some asteroids might have close encounters with any of the planets and thus their positions could be miscalculated using this simple approximation. However, this has a minor importance for our purposes due to the following three reasons: 1. Near terrestrial planets asteroids move very fast and approaches among asteroids occur at high velocities. Beyond the main belt, asteroids rarely encounter Jupiter. Just (5201) Ferraz-Mello and (6144) 1994 EQ3 were within a distance of 0.6 AU from that planet.
2. Perturbations due to asteroids are negligible in comparison to those due to planets especially in the vicinity of the planet.
3. For the time just between the epochs -100 days away -asteroid positions and their mutual distances were calculated twice -using both closest epochs. If the difference between mutual distances computed using different epochs exceeded 0.00005 AU for a given asteroid pair and if this pair was about to reach its minimum separation distance (r < 0.005 AU for asteroids with H > 9.5 or r < 0.05 AU for asteroids with at least one member brighter than absolute magnitude H = 9.5) then orbital elements for a much closer epoch were used. There was practically no need to do that.
Selection process
The astrometric method of mass determination is done by measuring the deflection in position of the perturbed body from its ephemeris. The magnitude of the change in its mean motion |∆n| depends on several quantities. Neglecting its orbital eccentricity and its mass we have
where G is the universal constant of gravitation, m is the mass of the perturber (depends on its diameter D and bulk density ρ), is the energy efficiency of the close approach, the fraction of the change in the heliocentric velocity, which occurs in the tangential direction, a is the semimajor axis of the perturbed asteroid, r is the minimum separation distance between asteroids, and v is their encounter velocity (see Carpino & Knežević 1996) . Three quantities, D 3 , r and v, may differ by several orders of magnitude from one asteroid pair to the other. Thus, they play the major role in the |∆n| determination. We used the same method as in Paper I to find possible asteroid pairs that could be used for mass determinations. We searched for the largest values of the auxiliary P parameter defined as
where D is in km, r is in km, v is in km s −1 , and P is in km s. The method sensitivity to orbital eccentricity was not analysed.
Since D was used mostly from Tedesco (1989) with several large asteroid diameters missing, other sources or guesses were also used occasionally, as in Paper I. For example, (64) Angelina is of type E, so its albedo is probably high; diameters for (88) Thisbe and (776) Berbericia were used from Bowell et al. (1994) containing the new IRAS catalog of asteroid diameters. In general, the new values for diameters are a bit smaller than those in Tedesco (1989) (e.g. diameter of (1) Ceres is about 848 km in comparison to 913 km). But the results from other techniques, such as occultation of (2) Pallas, or HST images of (4) Vesta, indicate the new ones may be underestimated values. Moreover, the results of P would not be lowered substantially even using the new diameters.
It must be noted that the P parameter is not valid outside the sphere of action of the perturber. Its computation is just an approximation allowing comparisons between the encounters. For example, Hill's radius R H is considered as
where m is the mass of the body, M is the mass of Sun, and r S is the distance from Sun (semimajor axis a or perihelion distance q). R H values are approximately 0.0100 AU for Earth, 0.0072 AU for Mars, 0.3552 AU for Jupiter, but only 0.0015 AU for (1) Ceres, 0.0010 AU for (2) Pallas, 0.0009 AU for (4) Vesta.
The big four main belt asteroids
The mass of (1) Ceres has been determined by the astrometric method many times (e.g. Williams 1992; Carpino & Knežević 1996; Michałak 2000) . There is no need to list pairs with small P here. The total number of those with P ≥ 6 km s is about 1000 in the period under study. It is only required that heavily perturbed asteroids due to (1) Ceres be listed and used to lower the uncertainty in its mass. Only some asteroids with P ≥ 60 km s are listed in Table 1 . All of these were observed quite well before and after the encounter and are therefore emphasized in Table 1 . Similarly, observations of several other asteroids may improve our knowledge of the mass of (4) Vesta, which seems to be the second largest perturber in the main belt.
In Table 2 , we chose five heavily perturbed asteroids due to (4) Vesta (P ≥ 20 km s) that were observed before and after the encounter. In fact, more than 300 pairs were found to have P ≥ 6 km s. As was mentioned in Paper I the fourth largest main belt asteroid (10) Hygiea may displace (2) Pallas in the total number of significant encounters. Indeed, this is confirmed if we compare the perturbations due to these two asteroids. While we found only 17 pairs with (2) Pallas (Table 3) , there were 61 pairs with (10) Hygiea for P ≥ 6 km s (Tables 4 and  5 ). The summation of P over all these encounters is 174.5 km s for the former, and 754.6 km s for the latter. Thus, asteroid (10) Hygiea may be more than three times more effective on the motion of main belt asteroids (though comparison of the bulk densities may lower the difference). This is because the orbit of (2) Pallas is highly inclined to the ecliptic. As a result, asteroid encounters with (2) Pallas tend to occur at high speed and rarely result in significant perturbations. Emphasized asteroids in the tables are likely to be used for mass determination at present. Some of them have still not been tested by other authors. We used the combination of P, and time periods of astrometric observations pre-and post-encounter for a given pair, respectively, in order to denote asteroids suitable for mass determination. Neglecting the perturber's mass (here (2) Pallas and (10) Hygiea) emphasized asteroids may be deflected from their ephemerides by about 1 or more. We did not emphasize any asteroid without pre-encounter observations, nor asteroids that will be perturbed significantly in the future. The tables also contain unusual asteroids -(2204) Lyyli 
Other large perturbers
The observed positions of some small numbered main belt asteroids may be deflected from their ephemerides even after perturbations due to the four largest main belt asteroids are included. This is because there are several other large perturbers in the belt, the masses of which are usually neglected. In general, we need precise long-term (pre-and post-encounter) astrometric observations of both encountered asteroids to reveal deflection and determine perturber's mass. However, special care must be taken not to neglect perturbations due to other sources during such extended periods of time.
Our search for large perturbers (other than the four largest ones) within the main belt was limited to bodies with absolute magnitude H ≤ 9.5. We found a lot of pairs with P ≥ 5 km s. Those that occurred before 1980 are summarized in chronological order in Table 6 , while those that occurred between 1980 and 1997 (including these years) are in Table 7 . The rest (in 1998 and later) are listed at http://www.uniba.sk/˜galad/massdet.htm. These could only be used for mass determination after several years. The policy of denoting asteroids in Table 6 is similar to the one used in the previous section except for the fact that we emphasized the perturbers instead of perturbed asteroids. In Table 7 , we emphasized asteroids suitable for mass determination this decade (before 2010). All asteroids listed in the tables are from the main belt. Unfortunately, no pairs were found among the Trojans.
Altogether we emphasized 13 different asteroids (asteroid (16) Psyche is emphasized twice and (52) Europa three times) that could be tested for mass determination at present or by the end of this decade. This inference is based only on P values and the date of the first astrometrical data available in the Minor Planet Center for both asteroids (last column in tables). However, some measurements are of low quality, unreliable, or poorly distributed before the encounter. In such cases, masses could not be determined and the total number of candidates will probably be less than 13. In general, uncertainties in mass determination are high from single encounters, but they tend to be lower from multiple ones.
The limit for P is lower than in Paper I, but it is not guaranteed that all such pairs are found here. Some changes in P (in comparison to Paper I) are due to changes in D, which was previously computed from albedo; e.g. pair (65) Cybele -(526) Jena had P < 6 km s and would be missing here using the same limit. Some pairs were not used for mass determination by other authors. They are usually concentrated on low numbered asteroid encounters that occured several decades ago. If some positions are found in old archived photographic plates for high numbered asteroids, they could then be used for mass determination. The results from Paper I were compared to that of Hilton et al. (1996) . The mass of (45) Eugenia computed by the astrometrical method could be of special interest for comparison to the mass derived by other ground-based technique, as a satellite of this object has been discovered.
Most of the asteroids are continually observed near their oppositions. The last observation dates are, therefore, variable and not listed in tables.
Small perturbers
Masses of asteroids with H > 9.5 are difficult to reveal by the astrometrical method, as they are smaller than 100 km in diameter (their albedos are probably higher than 0.03). Thus, only extremely close and slow encounters could cause large P values. In the previous section, we found only one asteroid candidate for mass determination with H < 9.5 that is smaller than 100 km in diameter -in 2014 (445) Edna will be encountered by (1764) Cogshal at a minimum distance of just 0.000052 AU.
In spite of the fact that we know little about effective diameters of small perturbers with H > 9.5, it seems that only one pair was found with P ≥ 5 km s. This is the pair (7348) 1993 FJ22 -(7562) Kagiroino-Oka, which had the closest encounter of all computed pairs. In 1993 they were only about 200 km apart! (It should be noted that the uncertainties in the ephemerides for the objects are probably several times greater than this.) The pair is included in Table 7 . However, the sparse astrometric data for (7562) Kagiroino-Oka prior to the encounter, combined with the extreme uncertainty in the minimum separation, render this encounter unsuitable for mass computation.
Conclusions
We tried to find asteroids for which masses could be determined by the astrometric method. We concentrated on those small asteroids that could manifest quick ephemeris deviations after a close encounter to a larger asteroid. The masses of the largest perturbers among main belt asteroids -(1) Ceres and (4) Vesta -could be determined more reliably from several heavily perturbed bodies. In the case of the other two large perturbers we conclude that perturbations due to (10) Hygiea are more effective on the motion of main belt asteroids than those due to (2) Pallas by a factor of three or more. At this time, however, the latter is used in asteroid orbit determinations along with the planets, Moon, and two large asteroids (1) Ceres and (4) Vesta while the former is normally not (except for special cases). We found also several small asteroids that could be used for reliable mass determination of (10) Hygiea. In addition to the four largest main belt asteroids, there are others -(11) Parthenope, (13) Egeria, (15) Eunomia, (16) Psyche, (24) Themis, (29) Amphitrite, (39) Laetitia, (45) Eugenia, (52) Europa, (65) Cybele, (121) Hermione, (451) Patientia, (511) Davida -the masses of which could probably be achieved by the end of this decade using astrometric data of smaller asteroids. However, if the astrometric measurements of the small asteroids before the important encounter with the perturber are unreliable, of low quality, or poorly distributed, it would result in reducing the number of perturbers listed above. In general, high numbered asteroids will be used more thoroughly for mass determination of quite large asteroids over the next decade. However, in some cases, useful data for them may be found in old photographic plates.
